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Abstract Multiple-input multiple-output (MIMO) wireless communication provides a
number of advantages over traditional single-input single-output (SISO) approaches,
including increased data rates for a given total transmit power and improved
robustness to interference. Many of these advantages depend strongly upon the
details of the receiver implementation. For practical communication systems a
competition between communication performance and computational complexity
exists. To reduce computation complexity, suboptimal receivers are commonly
employed. In this paper, the details of a variety of receivers are incorporated into
the effects of the channel so that information-theoretic performance bounds can
be exploited to evaluate receiver approaches. The performance of these receivers
is investigated for a range of environments. Two classes of environments are
considered: first, channel complexity, characterized by the shape of the narrowband
channel-matrix singular-value distribution, and second, external interference.
Receiver approaches include minimum-mean-squared error, minimum interference,
and multichannel multiuser detection (MCMUD), given various assumed limitations
on channel and interference estimation. Receiver performance implications are also
demonstrated using experimental data.
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MIMO Communication
Multiple-Input Multiple-Output

Complicated Multipath
Multiple Environment

Input Transmit Multiple

Space-Time
... 111 11101 .. Codinge

" Single transmitted data stream Space-Time
" Single received data stream [Receiver

"* Employ multiple modes through
environment 4

" Potential advantages over single-input Data

single-output
- Diversity
- Robustness to interference
- Spectral efficiency
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Not All MIMO Receivers Are Equal

0 "Standard" MIMO receivers perform
badly in difficult environments

MIMO Communication - Ignore the possibility of jamming or
Multiple-Input Multiple-Output external interference

- Lower computational complexity
0 "Optimal" MIMO receiver barely

affected by jamming

TsReceiver Performance Comparison>% 10 ••. .. / .
Transmit Receive 5 __

Array ArrayA 1 x

E -0.5_ _) _n 1000
Jammer __.._

0.1.
D 0.05

U) SN_= o d

-10 0 10 20 30 40
Jammer JNR (dB)
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The Channel Matrix

"* Channel matrix, H, contains complex Few Useful Modes

attenuation between each transmit and
receive antenna 11

e(t) - H Xi-(t) + n-i(t) Y

"* Large channel matrix singular values are Many Useful Modes
useful Y)))

Channel Matrix Singular Values Y)

0
n HMany Useful Modes

_) Complexity

Q)ComplexityChne

Sorted by Mode Strength Scatterers
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MIMO Capacity Bound(s)

SISO Informed Transmitter
0 siso lo109 2 (l ± SNR) 0 1T max log 2 11 + HPH1CSISO= io2(1 SNR CIT P ; trP--Po

Shannon Limit

12- Uninformed Transmitter

_ 0 8 ___ _ n

0 6__

S4 -CUT 109o2 1--+ HHt

0.10.2 0.5 1 2 5 10 m
Spectral Efficiency (b/s/Hz)

Channel Singular
Values

MIT Lincoln Laboratory
mimoNTI-7

bliss



Channel Complexity Parameterization

* Gaussian channel matrix, G
* Simulate more realistic eigenvalue distributions by

introducing spatial correlation
- Parameterized by a

* Modified parameterized random channel matrix, F

Eigenvalue Distribution of FFt
Introduce Spatial 15 - _'__easre

Correlation MeasuredC o r e la io --D. ..... ........... a = .5
:-o a - = 0.71

-N r - A----- :3 O = 1 .oF~~~~ .... a. •U ' • t• 5 ............ .•? ..•.... ..........
F a U AUt G'VAVt>

a U A, GAVt On.• -5 ................... : ............. ........... -•-:... .. ...
... v- } 0 1 .........

diag{a°, a',..- , - 1 2Ax-,/ /tr {dlag{cv 0, a ,* - -15} } ________________" _

1 2 3 4
Eigenvalue Index
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Adaptive Beamforming Receivers
Suboptimal

Beamformer Outputs
i"=Wt (Hx- + n-)

ITW (W1 W2 "'" wnT)

TransmiReceive Minimum Mean Squared Error
Arran it Receive <MSE c v +R±+ POHHt hn
Arra Array k'--' nT /

J f Known
Minimum Interference

Spatial Adaptive Processing Standard
MIMO

Receiver , -I, (H Hn) H,
S• --- H- hlH1

or

Beamformer 7w9' c mineigenvec R± Ht
SFor Each

C) -Transmitter
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Multi-Channel Multi-User Detection (MCMUD)
"Optimal" MIMO Receiver

Effective in environments with
- Multiple access interference vA AAJJ-
- Challenging multipath
- Jamming

* Iterative decoder Block for Eao ransmitter 0

- Estimation subtraction ___________
(multi-user detection) " Z

- Spatially adaptive F z -0.0 Info Bits
beamformers =3 < Z . -

SL Channel
Estimation

a,

t1 0Transmit 'Receive E=
Array W Array Lc

Jammer
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Information Theoretic Capacity
Optimal

Signal Model Mutual Information
z = HY + fiI( Z-(`, Xf H) = h (Z-H) - h,(zl _" H)

= h(5H) - h(HY + ni jjH)

= h(ZH) - h(ni)

Receive-Signal Entropy Noise-Like Entropy
h(ZH) log 2  -e (ZC t) h(-)= 1og0 Cw e "

0o g 2  n- ( i n + H ( Xs F -t ) H t ) 1 0o 2 7F 6 O In R

J In Interference Environment
h(H) log2  a2 I + 072R + H (ift) Ht } h(Z-1Y, H) < log 2 {-e •I+- R a2}

Interference
Covariance

Uninformed Transmitter Capacity Matrix

CUT = 1og 2 InR + H°HItt ; ) -(I+-R/ 2 H
nT Whitened Channel Matrix
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Beamformer Receiver Extension to
Information Theoretic Bounds

Signal Model
z = HY + ni EV = Wt (HJl +n•

W -W(1 W2 "" wnT)

Noise-Like Entropy

hu,(z x, H) X Z7htc(i xj,H) Doesn't take into account correlations
between beamformer outputs

Y- 7 log 2 W76e6n InR + R + °{If f R WH Hn_(irn H1)

Receive-Signal Entropy
nT~~ 2 [q" P -

hu1 og9  f-F In Wn+T m hWrH)Y 2 eIn. +RT+ T } P0 ýgil

Receiver Beamformer Capacity

flT POrn r POr 2]cu-e lo I +4 (Iifr Iniz + R + -ffmtljti wM nTLh1
~1o1g2 [\\rInflR

?rn
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- Benign T )
- Channel Complexity 0

00

- MIMO Interference 0

-Jamming 7))' V
- Experimental i
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Performance Comparison
Benign Environment (No Interference)

4 x 4 Performance Comparison
1_ _.8 M " _'

ItT 0 CZ 0.8__ _

Transmit _0_ 0_0.6ReceiveArray W Array z E 0.4 . ......
IJ -.- ,..... ....

a_ 0.2 ~MI

0
-10 -5 0 5 10 15 20

Minimum Mean Squared Error
MS ( PO Mean SISO SNR

nT ° MMSE has only slight loss

or compared to MCMUD
Minimum Interference 0 MI performs badly

1!1P particularly at lower SNR

Versus MCMUD
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Performance Comparison
Function of Channel Complexity

Eigenvalue Distributions, HHt
ii: - 5 ........ _ _--

10

Transmit Receive -10 0.5
Array Array -15__ _

1 2 3 4
Sorted Eigenvalue

>% Performance Comparison
Study 2 regimes of channel 1

complexity c- 0.8

0.4

MI and MMSE at lower 0 0.2 M___

channel complexity -10 0 10 20 30

Mean SISO SNR
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Performance Comparison
Effects of Interference

- Performance Comparison
met C1 CZ

Array~ A 0.8 __

Interfering R iO
Array Array

U-0.-

o 0.2 - 4-- _ _ _ _ _ _

-10 0 10 20 30

Mean SISO SNR, INR
"* Second interfering MIMO transmitter

- Equal transmit power
"* MI performs bad at all SNR
"* Both MMSE and MI perform badly compared

to MCMUD at high SNR
- More strong signals than antennas
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Performance Comparison
Effects of Jammer

Performance Comparison
I 05 25 dB JNR Jammermet 1 V1V%3

_ 0.1 M_ _ terenc
TQ-l.-%:ý L I I I I• LA% 001-

Transmi Receive ' oE 0.05 _.

ArraSanar MIMO Bin t

Arryp• ,,'• Array LL 0.02 i do
Iner ° rence

0~ 0o.0 INoSrutr
amr"

mier1'-20 -1 0 20 30 40
Standard MIM( SSO SNR

Receiver nce Comparison

* Significant losses for both MI W
and MMSE over most SNR C- z .2 Int.2 0 o.1 Itreec

* Terrible performance for __ CZ 0.05Z_ 0F 0 Rim Ato , - , -

receivers that are blind to 0t __ U U ,
interference structure 0 0.01 Str cture- .

-10 0 10 20 30 40
Jammer JNR (dB)
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MIMO Experiment
Summer 2002

"* Investigate channel 16-Channel
phenomenology Hi-Fidelity

"* Study space-time coding Data Recording
"* Explore transmitter System

coherence requirements
* Demonstrate robustness to

- Jamming
- Cochannel interference

2 Groups of 4, or

8 Coherent
Transmitters

Tn Near PCS band
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4x4 MIMO Performance
Motion, Jammers, and LO Errors

• Receiveo .•"* "'
Receive ° 2 Noise Jammers (25 dB JNR)Array,(•• -1 •eo " •Arra 4, * A 25 * Moving transmitter (25 mph)

q ýj • Error-free 2b/s/Hz data-link

* MCMUD near performance of
Jammer jammer-free environment!

2 5 Interference-blind & MI
mI IT receivers perform badly

Experimental MIMO Performance
100 V_ _ I

Jammer Spatial
M1 Im" Mode Distribution Mnef ncB.S...................... .... :In te rfe re n c e -B lir d

MMSE & MI3 ..... ..... ................... ................................ ... .............i .. .............................i ... .........................i ..... .. .. ..............
10

-7 __ MCMUD MMSr 01 2, 3 4 10-4_

Mode # -22 -21 -20 -19 .18 -17
SISO SINR (dB)
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Summary

* Presented overview of robust MIMO communication

* Introduced bounds for variety of MIMO receivers
- MMSE
- MI
- MCMUD

* MCMUD advantage significant in many
environments
- Spatially correlated channels (rate improvement > 70)
- Interference (rate improvement > 5)
- Jamming (rate improvement > 1000)

* Demonstrated experimental MCMUD immunity to
jamming
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Experimental Results
Successive MCMUD Iterations

•."•, fx#1 .. , "Tx#2,- -, , Tx. ,Receiver Bit Error Rate
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Channel Modes
Experimental Results
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Adaptive Beamforming in Multipath

Delayed and Receive Space-Ti me-Frequency
Doppler Filter CubeC".4- Arra

"Moving 100i••• G

Transmitter Space <(k0
(Antennas)

Space-Time-Frequency Adaptive Processing

"• <• jFilters weights
Delay Taps '6Jointly take into account

,. ~s pace-t im e-f req uency
Frequency Taps • ,•correlations
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Notional Multiuser Detection

MfJ Signal 1

+ Generic Stage of Successive Decoding

VA/\N Signal 2

A\V' Signal 2

- Demoduae

Signal 1 + Signal 2 Bt

[Remodulate••

Signal 1

Signal,
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